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We experimentally probe electron collisions with HC3N in the energy range from 0 to 10 eV with
the focus on vibrational excitation and dissociative electron attachment. The vibrational excitation
cross sections show a number of resonances which are mode specific: the two dominant pi∗ resonances
are visible in the excitation of all the vibrational modes, however, broad σ∗ resonances are visible
only in certain bond-stretching vibrational modes. The lower pi∗ resonance shows a pronounced
boomerang structure. Since it overlaps with the threshold peak originating from a long-range
electron-molecule interaction, the interference pattern is rather unusual. Somewhat surprisingly,
the boomerang structure is visible also in the elastic scattering cross section. The dissociative
electron attachment cross sections agree qualitatively with the data of Gilmore and Field [J. Phys.
B 48 (2015) 035201], however, approximately a factor of two difference is found in the absolute
values.
I. INTRODUCTION
Cyanoacetylene, HC3N, has been attracting attention
due to its abundance in a number of extraterrestrial envi-
ronments. Among these are interstellar clouds,1 circum-
stellar envelopes,2 comets3 and atmosphere of Saturn’s
moon Titan.4,5 The particular interest in the electron
collisions with this molecule stems primarily from two
sources. The first is the presence of the carbon-chain
molecular anions such as C8H
−, C6H−, C4H− and C3N−
in the interstellar medium.6–8 The second is the 2007 ob-
servation of the Cassini mission,5 that the upper atmo-
sphere of Titan contains anions with mass/charge ratio of
up to ≈ 10000. Extensive investigations have shown, that
depending on the altitude, the dominant anion species in
Titan’s atmosphere are either CN− and C3N−, or CnH−,
with n = 2, 4, 6.9
The dissociative electron attachment (DEA) to neu-
tral polyynes (HCnH or HCnN) as a possible dominant
source of these anions has been ruled out early. The DEA
studies to C2H2,
10 C4H2,
11 and HC3N
12 have shown
that while the cross sections are considerably high, the
fragmentation channels are endothermic. The energetic
thresholds for the production of fragment anions lie in
all these cases above 1 eV, and are thus inaccessible for
thermal electrons. Nonetheless, a formation of transient
anions - resonances - leads not only to DEA but due
to competing electron autodetachment channel also to
vibrational excitation of the molecules. This influences
both the vibrational energy distribution of the gas and
the electron energy distribution function in the above-
mentioned astrochemical environments.
The only electron collision experiments with HC3N to
our knowledge are the early positive and negative ion-
ization studies of Dibeler13 and Harland14 and the DEA
experiments in the group of T. Field, QU Belfast.12,15
The latter group has initially reported a yield of indi-
vidual fragment ions12 and later recalibrated these yields
using signal from background water vapor to determine
the absolute partial cross section values.15 Theoretically,
the resonances in cyanoacetylene were explored by Som-
merfeld and Knecht16 with the complex absorbing po-
tential approach, by Sebastianelli and Gianturco17 with
the single-center expansion scattering calculations and by
Kaur et al.18 by R-matrix theory. Orel and Chourou19
performed multidimensional nuclear dynamics calcula-
tions on the resonant states of HC3N.
In the present paper we probe the resonant states in
cyanoacetylene by the means of electron energy loss spec-
troscopy. We report the absolute differential elastic and
vibrationally inelastic cross sections at 135◦ scattering
angle. These measurements bring detailed information
about the resonant electronic states and the dynamics
of the nuclear motion on their potential energy surfaces.
The observed selectivity in the excitation of certain vi-
brational modes facilitates the assignment of the involved
resonances. We also report direct absolute measurement
of the DEA cross section.
II. EXPERIMENT
Three electron-collisions setups were used for the
present experiments, recently transferred to Prague from
the University of Fribourg.
The electron scattering experiments were performed on
the electrostatic spectrometer with hemispherical elec-
tron monochromator and analyser.20,21 The electrons
scattered on the effusive beam of the pure sample gas
were analysed at the fixed scattering angle of 135◦. The
energy of the incident beam was calibrated on the 19.365
eV 22S resonance in helium. Electron-energy resolution
was 17 meV. The absolute elastic scattering cross section
was calibrated against the one of helium using a rela-
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2TABLE I: Unoccupied molecular orbitals of neutral HC3N and corresponding resonance energies formed by capture of an
electron into the orbital (in eV).
Symmetry MO isosurface Present scaling CAP16 Scattering calc.17 R-matrix18
pi∗1 0.48 0.7 1.94 1.51
σ∗1 3.09
pi∗2 5.50 6.2 8.19
σ∗2 5.39 9.24 8.0
tive flow method. The detailed error budget of the cross
section calibration has been presented in Ref. 22. The
uncertainly of the elastic cross section is ±15%. The vi-
brationally inelastic cross sections are normalized with
respect to the elastic peak. Since the individual vibra-
tional modes are not fully resolved, the individual vibra-
tional excitation cross sections are much less precise and
should be considered as indicative values, which describe
the intensity of the inelastic signal at a given energy loss
The absolute dissociative electron attachment cross
sections were measured on the absolute DEA spectrome-
ter with time-of-flight mass analyzer.10,11 A pulsed mag-
netically collimated electron beam, produced in a tro-
choidal electron monochromator, crosses collision cell
filled with a stagnant gas and the anions produced are
extracted towards short (15 cm) time-of-flight mass an-
alyzer placed perpendicularly to the electron beam. For
the cross section calibration, we have used the 4.4 eV
band in the O− production from CO2 with the energy-
integrated cross section of 13.3 eV pm2. The same band
is used for the electron energy scale calibration and for
the determination of the electron beam resolution which
was ≈ 250 meV. The uncertainty of the absolute DEA
calibration is ± 20% which includes both the systematic
and statistical errors.
The shape of the DEA bands was additionally mea-
sured on the DEA spectrometer with a trochoidal
monochromator and quadrupole mass filter23–25. Here,
a continuous electron beam crosses the effusive molecu-
lar beam and the yield of a certain anion mass chosen
by the quadrupole is monitored. Due to absence of puls-
ing, this spectrometer has a better electron energy reso-
lution of approximately 100 meV. The final DEA cross
sections are thus obtained by scaling the high-resolution
DEA yields from the quadrupole setup to the absolute
values from the time-of-flight setup using the invariance
of the energy-integrated cross sections.26,27
The HC3N sample was synthesized by the dehydration
of the propiolamide, prepared by the reaction of methyl-
propiolate and amonia, the method introduced by Miller
and Lemmon28. During the measurements, the sample
(confined in a lecture bottle) was kept at the tempera-
ture of 7 ◦ C.
III. RESULTS AND DISCUSSION
A. Electronic structure and resonances
All three scattering processes probed in this work are
strongly influenced by the formation of resonances - tem-
porary anion states - in the electron molecule collision.
We thus first review the available information on these
states, which will facilitate the interpretation of the re-
sults and further discussion.
Since the resonant states are embedded in continuum,
their proper characterization requires advanced scatter-
ing calculations or modifications of the traditional quan-
tum chemistry approaches. However, a useful insight can
3be gained from the basic electronic structure of the tar-
get molecule and a use of the scaling formulas. In a
simplified picture a shape resonance can be imagined as
trapping of the incident electron in an unoccupied molec-
ular orbital of the target molecule. Cyanoacetylene is a
linear polyyne with two triple bonds. The lowest four
unoccupied orbitals, shown in the table I, have antibond-
ing character along some, or all bonds. For the purpose
of this paper we denote them pi∗1 , pi
∗
2 and σ
∗
1 , σ
∗
2 . Chen
and Gallup29 developed an empirical scaling based on the
Koopmans’ theorem, relating the orbital energies (EMO)
and the corresponding resonance energies (Eres = (EMO
- 2.33 eV) / 1.31). Values obtained using this formula
are listed in table I in the “present scaling” column. It
should be noted that the sensitivity of such estimate of
Eres to the choice of basis set and the scaling formula
have been explored by Field and co-workers.12,30
The resulting resonant energies can be considered only
as indications, however, as can be seen in table I they
agree surprisingly well with the advanced theoretical
approaches. The complex absorbing potential (CAP)
method of Sommerfeld and Knecht predicted the pi∗1 reso-
nance at 0.7 eV (width 0.15 eV) and the pi∗2 resonance at
6.2 eV (width 1.1 eV). The scattering calculations of Se-
bastianelli and Gianturco localized the pi∗ resonances at
somewhat higher energies of 1.94 eV (width 0.15 eV) and
8.19 eV (width 0.76 eV) and the σ∗2 resonance at 9.23 eV
(width 1.16 eV). The R-matrix calculations of Kaur et
al. identified the pi∗1 at 1.51 eV and σ
∗
2 at 8 eV. An al-
ternative scaling formula developed recently by Field and
co-workers especially for pi∗ states in conjugated systems,
predicts the two resonances at 0.5 and 5.1 eV.
Two notes should be added at this point. First, the
figures in table I are the isosurfaces of the molecular or-
bitals, i.e. unoccupied one-electron states. Sebastianelli
and Gianturco17 provided the graphical representations
of the true one-electron scattering wave functions and
they are very similar (basically indistinguishable by eye)
to the present isosurfaces. This adds the credit to the
simplified picture of the temporary orbital occupation
by the incoming electron. The nodal planes and electron
densities of the unoccupied orbitals will be useful in in-
terpreting the selectivity of vibrational excitation. The
second note concerns the σ∗ states. The corresponding
resonances are expected to be very broad: their coupling
with the barrierless s-wave autodetachment channel leads
to their extremely short lifetimes. The fixed-nuclei scat-
tering calculations, which localize the resonances from
the variation of the eigenphase sum, have thus often diffi-
culties in finding such broad resonances31: the eigenphase
variation can be so weak that it is difficult to distinguish
from the background scattering. This might be the case
of the σ∗1 resonance, lying between the two pi
∗ resonances,
which was not reported in any of the scattering calcula-
tions. However, as will be shown below, this state is
manifested in the vibrational excitation cross section of
the C-H stretching mode.
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FIG. 1: Cross section for the elastic scattering on HC3N at
135◦. The inset shows horizontally magnified electron energy
scale.
B. Elastic scattering
Figure 1 shows the differential elastic electron scatter-
ing cross section at 135◦ scattering angle. The cross sec-
tion sharply peaks towards 0 eV electron energy. This is
caused by the dipole moment of HC3N which is 3.72 De-
bye.32 The elastic scattering cross sections in polar tar-
gets always reach high values, and in some cases even di-
verge, at very low energies.33 It should be noted that the
true height of the low-energy spike is of course not acces-
sible by a cross beam experiment such as the present one,
since the monochromator and the analyzer can not reli-
ably produce/analyze the electrons below some 30 meV
kinetic energy.
Two interesting features can be observed in the cross
section at higher energies. One is the shallow minimum
around 5 eV. As shown in the next section, a broad
pi∗2 resonance dominates this region and the minimum is
an imprint of this resonance in the elastic cross section.
Since its formation leads to increase in all vibrational ex-
citation channels, the drop in the elastic channel is caused
by the conservation of the probability flux. The second
interesting feature in the elastic cross section is the os-
cillatory structure between 0.4 and 0.8 eV. It is clearly
connected with the threshold peaks and the pi∗1 resonance
in the vibrational excitation cross sections in this energy
range discussed below. Sebastianelli and Gianturco17 and
Kaur et al.18 have seen the influence of the resonances
in the elastic scattering (in computed integral cross sec-
tions). However, since these were fixed-nuclei calcula-
tions, which do not reflect the probability flux towards
the nuclear motion, the resonances were manifested as
peaks in the cross sections, not as the dips observed here.
C. Vibrational excitation
Figure 2 shows electron energy loss spectra recorded at
two different electron incident energies. The energy loss
spectra reflect, which vibrational modes are excited upon
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FIG. 2: Electron energy loss spectra of HC3N at 135
◦ recorded
at incident energies of 0.8 eV (top panel) and 5.5 eV (bottom
panel).
TABLE II: Experimental vibrational frequencies of HC3N
from Ref. 34
Type Label Energy (meV)
CCN bend ν7 28
CCC bend ν6 62
CCH bend ν5 82
C−C stretch ν4 109
C≡C stretch ν3 257
C≡N stretch ν2 282
C−H stretch ν1 412
the electron impact and their relative population with
respect to the elastically scattered electrons with zero
energy loss. The spectroscopic experimental vibrational
energies from Ref 34. are shown in table II.
All the three bending modes are excited to certain ex-
tent. The softest vibration, CCN bend (26 meV excita-
tion energy) is visible as a shoulder of the elastic peak
at both impact energies. The CCC bending vibration
(62 meV) is not visible at 0.8 eV but present at 5.5 eV
impact energy. The most prominent bending vibration
is the CCH bend with the excitation energy of 82 meV,
with at least one overtone excited at both incident ener-
gies (the possible v = 2 overtone peak overlaps with the
C≡C stretching mode). The excitation of the stretch-
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FIG. 3: The vibrational excitation cross sections for indi-
vidual vibrations in HC3N as functions of incident electron
energy.
ing modes also shows certain selectivity: at both inci-
dent energies, the C-C stretch is excited only weakly and
the other vibrations have varying strength. At 0.8 eV,
the C≡N stretch (282 meV) progression dominates the
spectrum, while at 5.5 eV the C-H stretch becomes the
dominant stretching mode. An interesting peak occurs
at 492 meV (unassigned in the figure), which has to orig-
inate from a combination vibration of C-H stretch and
CCH bend (ν1 + ν5).
Figure 3 shows the excitation curves of the individ-
ual vibrations. Here, the energy difference between the
monochromator and analyzer is kept constant and both
are being scanned. Such excitation curves are a sensitive
probe for the formation of resonances: if a temporary
anion is formed at certain incident electron energy, the
probability of energy transfer to nuclear motion (= vibra-
tional excitation) strongly increases. The observed bands
can be divided into two groups, the narrow ones at low-
energies, approximately below 1 eV and much broader
bands at higher energies, above 2 eV. The low-energy
part of the spectra is separately shown in figure 4 and in
the form of a two-dimensional spectrum in figure 5. The
high-energy part (with the reduced number of channels)
is shown rescaled in figure 6.
Let us first focus on the high-energy part. The domi-
nant contribution to the excitation of all vibrations seems
to originate from the formation of pi∗2 resonance, however,
clear differences in the excitation of individual modes are
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FIG. 4: The vibrational excitation cross sections for indi-
vidual vibrations in HC3N as functions of incident electron
energy with the low-energy horizontal scale expanded.
demonstrated in figure 6. Since the two σ∗ resonances are
dissociative along the molecular axis and will probably
excite the bending vibrations only negligibly, we presume
that the “true” shape of the pi∗2 resonance is demonstrated
by the CCH bend excitation curve (top panel of figure 6).
This places the center of the pi∗2 resonance to 5.3 eV.
The C-H stretch vibration has the maximum clearly
shifted to lower energies. The σ∗1 orbital (table I) has
the largest coefficient on the corresponding carbon and
hydrogen atoms and an antibonding character along this
bond. We conclude, that the C-H stretch vibration is
the only one, which is influenced by the formation of the
broad σ∗1 resonance with the center around 4 eV.
The C≡N vibration excitation curve is shifted to higher
energies when compared to the CCH bend. This is caused
by the formation of the σ∗2 resonance with a strong anti-
bonding character across the C≡N bond. This resonance
is also visible in the excitation of the C-C stretch mode
as the right shoulder superimposed on the dominant pi∗2
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FIG. 5: Two-dimensional electron energy loss spectrum of
HC3N. The intensity of the elastic peak (energy loss = 0 eV)
is reduced by a factor of 20 with respect to the rest of the
spectrum.
resonance.
We now turn to the low energy part of the vibrational
excitation spectra shown in detail in figures 4 and 5. The
excitation curves have peculiar shapes. This is caused by
an interplay of two effects. The first one is related to
the strong dipole moment of cyanoacetylene (3.72 De-
bye) which is expected to lead to threshold peaks in
the vibrational excitation cross sections. Such peaks,
first observed in hydrogen halides35 are common in all
polar molecules. The second effect is the formation of
the pi∗1 resonance around 0.5 eV. The small width of the
resonance leads to a pronounced boomerang structure,
visible in all vibrational modes. The boomerang struc-
ture originates from the vibrational motion of the nuclear
wavepacket on the anion potential energy surface. Due to
the long lifetime of the resonant state, the nuclei will un-
dergo several vibrations prior to the electron detachment.
The oscillatory structure originates from the interference
of the outgoing and returning nuclear wavepacket.36 It is
commonly manifested as a structure on top of a vibra-
tional excitation band. The present accidental overlap
of the pi∗ resonance and the threshold peak causes the
rather exotic accumulation of the boomerang structure
on the falling edge of the peak.
The present data enable to judge the accuracy of dif-
ferent methods used to calculate the resonant energies
in table I. So far, the only experimental data on these
states came from the DEA spectroscopy12. Those are,
however, influenced by energetical threshold cutoffs, or
by the formation of core-excited resonances. The present
data enable an unambiguous determination of the posi-
tion of the pi∗2 resonance at 5.3 eV. This compares surpris-
ingly favorably with the value obtained from the scaling
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FIG. 6: High-energy part of the individual vibrational excita-
tion excitation cross sections and DEA C3N
− ion yield. The
raw data from figure 3 are multiple times reduced (neighbour-
ing channels are averaged). For the sake of this comparison,
the data are arbitrarily scaled.
formula (5.5 eV) and reasonably well with the CAP value
of 6.2 eV. The single-center expansion scattering calcu-
lation17 overestimates the position of this resonance by
almost 3 eV (8.18 eV). For the pi∗1 resonance, the de-
termination of the experimental center is complicated
due to overlap with the threshold peak, however, judging
from the boomerang structure in the C-C stretch and C-
H bend excitations (figure 4), the center can be placed
to 0.5 eV. Again, the CAP method predicts this reso-
nance better than the two scattering calculations (0.7 eV
vs. 1.94 and 1.51 eV). These two also overestimate the
energy of the σ∗2 resonance, which has the experimental
center between 6 and 7 eV, judging from the C-N stretch
excitation curve in figure 6.
A further insight into the low-energy part can be
gained from the two-dimensional spectrum in figure 5.
2D electron energy loss spectrum37 is a collection of many
energy loss spectra recorded at various incident energies.
It provides a complete picture of the vibrational nuclear
dynamics. A horizontal cut through such spectrum cor-
responds to an energy loss spectrum, such as shown in
figure 2, a vertical cut corresponds to an excitation curve
of a given energy loss, such as shown in figure 4. The di-
agonal line Ei = ∆E is the threshold line, corresponding
to the outgoing electrons with zero kinetic energies.
The 2D spectrum agrees fully with the individual vi-
brational cross sections. Additionally, it reveals one more
feature: approximately above 0.2 eV incident electron en-
ergy, the electrons along the diagonal (∆E = Ei) form a
weak continuous stripe instead of appearing only at the
sharp energies of individual vibrations. These electrons
are ejected with residual energies close to zero, indepen-
dent of their incident energy. Note, that the analyzer
has a low transmission of electrons with residual energies
below some 30 meV to 50 meV, hence the threshold sig-
nal appears somewhat higher than Er = 0 eV. It is also
visible as the high background signal in the energy loss
spectrum on the upper panel of figure 2.
These threshold electrons can be interpreted using the
potential energy surfaces of Sommerfeld and Knecht.16
According to their calculations, cyanoacetylene posseses
a valence-bound anion, however, it’s equilibrium geome-
try is far from the neutral one. It has a trans-bent zig-
zag structure, however, with an adiabatic electron affinity
close to zero. Apart from this, HC3N supports a dipole-
bound state with the potential energy curve lying several
meV below the neutral one, it’s equilibrium geometry
thus corresponds to the neutral’s linear structure. The
linear transit between the two anion states (valence and
dipole-bound) shows a barrier of approximately 0.2 eV.
The origin of the slow electrons is thus following: if an
electron with the incident energy Ei > 0.2 eV is cap-
tured in the low-lying pi∗ resonance, the nuclear frame-
work starts to move towards the geometry of the valence-
bound anion, distorting the linear structure towards the
trans-cis bent one. As soon as the geometry gets to the
point where the anion surface lies below that of the neu-
tral, the electron detachment is suppressed: it is energet-
ically impossible for the electron to detach. However, the
excess energy is stored in the nuclear degrees of freedom
and efficiently randomizes over the vibrational degrees of
freedom. The motion on the electronically bound part
of the potential surface is statistical, so the nuclei may
again get to the configuration, where the valence anion
energy lies above that of the neutral. At this crossing
point of the neutral and the anion surface the electron is
unbound again and can detach. A number of previous ex-
amples38–40 shows that such electrons detach basically as
soon as they can and are thus emitted with close-to-zero
residual energies.
D. Dissociative electron attachment
Figure 7 shows the absolute cross section for the pro-
duction of individual fragment anions from HC3N. The
recent data of Gilmore and Field15 are shown for com-
parison. The two data sets show an excellent agree-
ment concerning the shapes of the individual DEA bands.
However, there is a consistent quantitative disagreement.
We will use the energy-integrated cross section σI (in-
variant of the beam resolution) for the discussion. On
the main DEA band, spanning between 3 and 8 eV,
the ratio of our σI for the C3N
− production (411 eV
pm2) to that of Gilmore and Field is 0.47. This dis-
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FIG. 8: Cumulative negative ion time-of-flight spectrum in
the energy range 3 to 8 eV. Lines with points: experimental
data, dashed lines: fitted contributions from the peaks with
mass to charge ratios 24, 25 and 26, red line: sum of the
individual contributions.
agreement is more or less consistent for all the four
fragments.The present branching ratio between the frag-
ments C3N
−:C−2 :C2H
−:CN− are 1:0.14:0.12:0.95. The
branching ratio of Gilmore and Field are 1:0.13:0.15:1.33,
they thus agree very well, apart from the CN− which had
higher abundance in the measurements of Ref. 15. At this
point, it should be noted that our time-of-flight analyzer
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FIG. 9: Low-energy DEA band for the C3N
− fragment. Red
line: present data, black points: Gilmore and Field.15
does not fully resolve the three fragments with mass-to-
charge ratios 24, 25 and 26. When designed,10 the reso-
lution has been compromised to the fact that the setup is
quantitative. There are for example no grids separating
the two acceleration regions. This on one hand distorts
the Wiley-McLaren type time focusing, on the other hand
it means undisturbed transmission of extracted anions.
Still, as is illustrated in figure 8, the mass resolution is
high enough to determine the branching ratios between
the three fragments reliably. The spectrum is cumula-
tive41,42 - it has been obtained as a sum of the mass
spectra in the energy range 3 to 8 eV. The dashed lines
show the individual contributions of the three close-lying
fragments and the full red line shows their sum.
Somewhat surprisingly, the quantitative level of agree-
ment between the present data and those of Gilmore and
Field is better for the first DEA band in the C3N
− pro-
duction, shown magnified in figure 9. The ratio of the
energy-integrated cross sections of this band is 0.68.
The probable origin of the quantitative discrepancy
are the different calibration methods used to obtain the
absolute values. Gilmore and Field used the O− signal
from the background water vapor for the cross calibra-
tion. The ratio of the HC3N/H2O number densities was
obtained from the recorded ion yields of the positive ions
and their calculated absolute cross sections in the BEB
formalism. Considering this rather indirect approach, the
present agreement of the absolute cross section within a
factor of two can be actually viewed as very good. Both
experiments have quoted uncertainty of ± 20% and the
difference between the absolute values is only slightly
larger than the combined error limits. Due to more di-
rect calibration procedure, the present values might be
considered to be more reliable.
The comparison with the vibrational excitation cross
sections brings new light on the DEA mechanism. As
seen in figure 6, the band at 5.5 eV is very similar the
shape of CCH bend excitation cross section, which sug-
gests that the DEA is mediated by the formation of the
pi∗2 resonance. Graupner et al.
12 did the same assign-
8ment, however, since their reference center of the pi∗2 res-
onance was that calculated by Sommerfeld and Knecht16
at 6.2 eV, they had to argue with a survival probability
shift in order to explain the different DEA peak position.
The current comparison in figure 6 shows that the DEA
band actually overlaps with the pi∗2 resonance very well.
Still, there is one aspect which invokes caution with
this assignment, and this is the large width of the pi∗2
resonance. The corresponding bands (both in DEA and
in vibrational excitation spectra) are approximately 2 eV
broad. The width of the band is determined by two fac-
tors: (i) the autodetachment width Γ and (ii) the pro-
jection of the nuclear wavefuction on the resonant state
(reflection principle). Anyhow, such broad bands sug-
gest, that Γ itself is rather large, in agreement with the
theoretical calculations which evaluated it to be 1.1 eV
(Ref. 16) or 0.76 eV (Ref. 17). From the uncertainty prin-
ciple, a resonance width of 1 eV corresponds to the life-
time towards electron autodetachment of 0.3 femtosec-
onds. It is somewhat surprising that such a short-lived
state gives rise to rather high dissociative cross section.
An alternative origin of the DEA yield would be a core-
excited resonance: neutral HC3N posses electronically
excited states (1∆u) lying between 5.5 and 6.2 eV.
43
Assuming a typical stabilization energy of 0.4 eV, the
corresponding Feshbach resonance would be located ex-
actly around the present DEA band. Such resonances
are typically very narrow and are not visible in the vi-
brational excitation cross section.38 They also typically
lead to rich fragmentation pattern.25,44 The agreement
in figure 6 thus might be coincidental. It is worth not-
ing that a similar dispute, whether the dominant DEA
band is caused by an accidentally overlapping shape pi∗
or a core-excited resonance, has appeared for diacetylene
C4H2.
45,46
Only the C3N
− fragment, created by the hydrogen ab-
straction, is observed at lower energies with the peak at
1.7 eV. It was shown by calculating the threshold ener-
gies12 that other channels are energetically closed in this
energy range. The threshold for the C3N
− production
is 1.37 ± 0.2 eV which is causing a sharp onset of the
present cross section in figure 9. Two effects can in prin-
ciple contribute to the origin of this band.
(i) As assigned previously12, it can originate from a
high-energy shoulder of the pi∗1 resonance (the center of
the resonance lies considerably below the threshold en-
ergy). This seemed very reasonable, since this resonance
is rather narrow so it would lead to high survival factor.
However, as can be seen in figure 4, all the cross sec-
tions for the vibrational excitation are diminishing above
1.3 eV, so the DEA band seems to have almost no overlap
with the pi∗1 resonance.
(ii) The second option is that the DEA proceed via
formation of the σ∗ resonance, whose lower tail overlaps
with the DEA band as can be seen in the C-H stretch
vibrational excitation in figure 3. Judging from a large
width of such resonance alone, it should lead to negligible
DEA cross section, since all electrons would autodetach.
However, it is now well established, that in molecules
with large dipole moments (or even nonpolar molecules
with high polarizabilities), the dissociative cross section
of σ∗ resonances can reach very high values. The inter-
action of dipole bound (or virtual states) with the pure
σ∗ states suppresses the autodetachment channel. The
cyanoacetylene’s dipole moment of 3.72 Debye opens this
possibility. It should be however noted, that such dipole-
supported σ∗ resonances often lead to sharp structures
in the DEA cross section. These structures - downward
steps or even oscillations - appear at the opening of the
new vibrational excitation channels in the direction of
the dissociating bond, in this case the C-H vibration.
Taking into account the anharmonic vibrational levels,47
the 0→4 transition in C-H stretch vibration is open at
1.56 eV and 0→5 transition at 1.94 eV. No such struc-
tures are visible in figure 9. It should be noted that the
DEA spectra of molecules like hydrogen halides48–50 or
formic acid26 do show discernible structures at electron
beam resolution comparable to the present one (approx-
imately 100 meV).
There seems to be no unambiguous evidence for any
of the two mechanisms to be prevalent in the dehydro-
genation DEA around 1.7 eV. Our recent results for the
HNCO molecule51 even suggest that often there is even
no sharp distinction between these possible: upon any
out-of-line geometry distortion the pi∗ and σ∗ states mix
and the actual dissociation mechanism is given by the
interplay of them.
IV. CONCLUSIONS
In conclusion, we have probed the resonances in
cyanoacetylene by measuring cross sections for elastic
electron scattering, vibrational excitation and dissocia-
tive electron attachment. Data from these three scatter-
ing channels are mutually consistent and provide infor-
mation about both the non-dissociative and dissociative
nuclear dynamics on the transient anion potential sur-
faces.
Several effects influence the probed electron-induced
processes. One is the strong dipole moment of HC3N
which is manifested as the low-energy peak in the elastic
scattering and as the threshold peaks in all the vibra-
tional excitation channels. The second dominating effect
is the formation of four resonances. The lower pi1∗ res-
onance is the narrowest and its long lifetime leads to
pronounced boomerang oscillatory structures in the vi-
brational excitation cross sections. At higher electron
energies, the formation of the broad σ∗1 and σ
∗
2 resonances
is reflected in the vibrational excitation cross sections of
the C-H stretch and C≡N stretch modes, while the CCH
bending mode excitation is probably exclusively medi-
ated by the formation of the pi∗2 resonance. This reso-
nance also dominates the DEA spectrum and it leads to
production of four anionic fragments. The existence of
the bound HC3N
− anion and the crossing of its potential
9energy curve with that of the neutral molecule (boundary
between the resonant and the bound state) is manifested
by the threshold signal in the two dimensional energy loss
spectrum. Here the electrons are emitted with close-to-
zero residual energies independent of the incident energy,
which is caused by the randomization of the vibrational
motion on the bound anion surface.
Acknowledgments
This work is part of the project Nr. 17-04844S of
the Czech Science Foundation. L. B. acknowledges sup-
port from the FWF project DK-ALM:W1259-N27, M.
P. and J. Zˇ. acknowledge partial support from CSF
project Nr. 17-14200S. We wish to thank Roman Cˇur´ık,
Prague, for numerous discussions of resonances and of
this manuscript.
∗ Electronic address: juraj.fedor@jh-inst.cas.cz
1 B. E. Turner, Astrophys. J. 163, L35 (1971).
2 J. H. Bieging and M. Tafalla, Astronomical J. 105, 576
(1993).
3 W. M. Irvine and et al., Icarus 60, 215 (1981).
4 V. G. Kunde, A. C. Aikin, and R. A. Hanel, Icarus 60, 215
(1981).
5 A. J. Coates, F. J. Crary, G. R. Lewis, D. T. Young, J. H.
Waite, and E. C. Sittler, Geophys. Res. Lett 34, L22103
(2007).
6 S. Brunken, H. Gupta, C. A. Gottlieb, M. C. McCarthy,
and P. Thaddeus, Astrophys J. 664, L43 (2007).
7 J. Cernicharo, M. Guelin, M. Agundez, K. Kawaguchi,
M. C. McCarthy, and P. Thaddeus, Astron. Astrophys.
467, L37 (2007).
8 P. Thaddeus, C. A. Gottlieb, H. Gupta, J. Cernicharo,
S. Brunken, M. C. McCarthy, M. Agundez, M. Guelin,
and J. Cernicharo, Astrophys. J. 677, 1132 (2008).
9 V. Vuitton, P. Lavvas, R.V.Yelle, M.Galand, A.Wellbrock,
G.R.Lewis, A. J. Coates, and J.-E.Wahlund, Planet. Space
Sci. 57, 1558 (2009).
10 O. May, J. Fedor, and M. Allan, Phys. Rev. A 80, 012706
(2009).
11 O. May, J. Fedor, B. C. Iba˘nescu, and M. Allan, Phys.
Rev. A 77, 040701(R) (2008).
12 K. Graupner, T. L. Merrigan, T. A. Field, T. G. A. Youngs,
and P. C. Marr, New. J. Phys. 8, 117 (2006).
13 V. H. Dibeler, R. M. Reese, and J. L. Franklin, 83, 1814
(1960).
14 P. W. Harland, Int. J. Mass Spec. 70, 231 (1986).
15 T. D. Gilmore and T. A. Field, J. Phys. B: Atom. Molec.
Phys. 48, 035201 (2015).
16 T. Sommerfeld and S. Knecht, Eur. Phys. J. D 35, 207216
(2005).
17 F. Sebastianelli and F. Gianturco, Eur. Phys. J. D 66, 41
(2012).
18 J. Kaur, N. Mason, and B. Antony, J. Phys. B: Atom.
Molec. Phys. 49, 225202 (2016).
19 S. T. Chourou and A. E. Orel, J. Phys. Conf. Ser. 300,
012014 (2011).
20 M. Allan, J. Phys. B: Atom. Molec. Phys. 25, 1559 (1992).
21 M. Allan, J. Phys. B: Atom. Molec. Phys. 38, 3655 (2005).
22 M. Allan, J. Phys. B: Atom. Molec. Phys. 40, 3531 (2007).
23 M. Stepanovic´, Y. Pariat, and M. Allan, J. Chem. Phys.
110, 11376 (1999).
24 J. Langer, M. Zawadzki, M. Fa´rn´ık, J. Pinkas, J. Fedor,
and J. Kocˇiˇsek, Eur. Phys. J. D 72, 112 (2018).
25 M. Zawadzki, M. Rankovic´, J. Kocˇiˇsek, and J. Fedor, Phys.
Chem. Chem. Phys. 20, 6838 (2018).
26 R. Janecˇkova´, D. Kubala, O. May, J. Fedor, and M. Allan,
Phys. Rev. Lett. 111, 203201 (2013).
27 K. Graupner, S. A. Haughey, T. A. Field, C. A. Mayhew,
T. H. Hoffmann, O. May, J. Fedor, M. Allan, I. I. Fab-
rikant, E. Illenberger, et al., J. Phys. Chem. A 114, 147
(2010).
28 F. A. Miller and D. H. Lemmon, Spectrochim. Acta A 23,
1415 (1967).
29 D. Chen and G. A. Gallup, J. Chem. Phys. 93, 8893 (1990).
30 T. J. Millar, C. Walsh, and T. A. Field, Chem. Rev. 117,
1765 (2017).
31 I. I. Fabrikant, S. Eden, N. J. Mason, and J. Fedor, Adv.
At. Mol. Opt. Physl 66, 546 (2017).
32 D. E. Lide, Crc handbook of chemistry and physics, inter-
net version 2007, (87th edition), taylor and Francis, Boca
Raton, FL, 2007.
33 I. I. Fabrikant, J. Phys. B: Atom. Molec. Phys. 49,
222005(1 (2016).
34 S. Leach, G. A. Garci, A. Mahjoub, Y. Bnilan, N. Fray, M.-
C. Gazeau, F. Gaie-Levrel, N. Champion, and M. Schwell,
J. Chem. Phys. 140, 174305 (2014).
35 K. Rohr and F. Linder, J. Phys. B: Atom. Molec. Phys. 9,
2521 (1976).
36 D. T. Birstwistle and A. Herzenberg, J. Phys. B: Atom.
Molec. Phys. 4, 53 (1971).
37 K. Regeta and M. Allan, Phys. Rev. Lett. 110, 203201
(2013).
38 M. Allan, J. Electr. Spectr. Rel. Phenomena 48, 219
(1989).
39 M. Allan, Phys. Rev. Lett. 98, 123201 (2007).
40 M. Allan, M. Lacko, P. Papp, Sˇ. Matejcˇ´ık, M. Zlatar, I. I.
Fabrikant, J. Kocˇiˇsek, and J. Fedor, Phys. Chem. Chem.
Phys. 20, 11692 (2018).
41 J. Lengyel, P. Papp, Sˇ. Matejcˇ´ık, J. Kocˇiˇsek, M. Fa´rn´ık,
and J. Fedor, Beilstein J. Nanotechnol. 8, 2200 (2017).
42 J. Lengyel, M. Oncˇa´k, J. Fedor, J. Kocˇiˇsek, A. Pysanenko,
M. K. Beyer, and M. Fa´rn´ık, Phys. Chem. Chem. Phys.
19, 11753 (2017).
43 T. Ferradaz, Y. Benilan, N. Fray, A. Jolly, M.Schwell,
M. C. Gazeau, and H.-W. Jochims, Planet. Space. Sci. 57,
10 (2009).
10
44 R. Janecˇkova´, O. May, A. R. Milosavljevic´, and J. Fedor,
Int. J. Mass Spec. 365-366, 163 (2014).
45 M. Allan, O. May, J. Fedor, B. C. Iba˘nescu, and L. Andric,
Phys. Rev. A 83, 052701 (2011).
46 R. Cˇur´ık, I. Paidarova´, M. Allan, and P. Cˇa´rsky, J. Phys.
Chem. A 11, 9734 (2014).
47 P. D. Mallinson and A. Fayt, Mol. Phys. 32, 473 (1976).
48 J. Fedor, M. Cingel, J. D. Skalny´, P. Scheier, T. D. Ma¨rk,
M. Cˇ´ızˇek, P. Kolorencˇ, and J. Hora´cˇek, Phys. Rev. A 75,
022703 (2007).
49 J. Fedor, O. May, and M. Allan, Phys. Rev. A 78, 032701
(2008).
50 J. Fedor, C. Winstead, V. McKoy, M. Cˇ´ızˇek, K. Houfek,
P. Kolorencˇ, and J. Hora´cˇek, Phys. Rev. A 81, 042702
(2010).
51 M. Zawadzki, Cˇ´ızˇek, K. Houfek, R. Cˇur´ık, M. Ferus,
S. Civiˇs, J. Kocˇiˇsek, and J. Fedor, Phys. Rev. Lett. 121,
143402 (2018).
